The small-sized herringbone groove journal bearing ͑HGJB͒, i.e., so-called "magnetic bearing," filled with Newtonian ferrofluid lubrication is investigated via finite difference analysis ͑FDA͒, with consideration of cavitation zones in HGJB. The FDA starts with constructing the mass flux equations of the HGJB filled with ferrofluid. Discretization for FDA is next performed over the bearing clearance domain, from which algebraic finite difference equations based on the mass flow balance over the clearance domain are derived. Solving the equations, rotordynamic coefficients, cavitation zones, and side leakage rate are successfully predicted to show effectiveness in enhancing bearing performance by ferrofluid.
Performance prediction of a small-sized herringbone-grooved bearing with ferrofluid lubrication considering cavitation 
I. INTRODUCTION
Small-sized herringbone groove journal bearings ͑HGJBs͒, so-called "magnetic bearings," are popular to support motor spindles in hard disk drives. Figure 1 shows a photo of HGJB and its assembly with the rotor. Early analyses of HGJBs with gas lubricated, carried out mainly in the 1960s and 1970s, were based on the narrow groove theory. 2 conducted research on ferrofluidlubricated bearings with the focus on wire-generated magnetic fields. Chao and Huang 3 used the finite difference method to calculate rotordynamic coefficients of a HGJB with ferrofluid. However, the effects of cavitation on the performance of magnetic bearing have never been considered.
The present study pays effort to model cavitation zones in magnetic HGJB. The investigation starts with building theoretical HGJB models, and followed by finite differencing and soling for solutions.
II. FINITE DIFFERENCE ANALYSIS
For a ferrofluid under magnetic field, the induced magnetic force per unit volume can be described by
where h m represents the induced free current, 0 is the permeability of free space, and X m satisfies M ‫ء‬ = X m h m , where M ‫ء‬ is the magnetization vector and strength of the ferrofluid. The ferrofluid are nonconductive and no free currents are induced. The first term in Eq. ͑1a͒ can then be canceled. For linear behavior of the magnetic fluid, i.e., M ‫ء‬ = X m h m , Eq. ͑1a͒ can be reduced to
Starting from the basic Navier-Stokes equation, using the coordinates defined in Fig. 2 ͑x along the circumference while z along the axis of the bearing͒ and seeing the magnetic force as an external body force, the momentum equations become
is next integrated twice along the ferrofluid film. The fluid velocities can be obtained as
a͒ Author to whom correspondence should be addressed. The analytical technique developed by Elrod 5 is employed to predict cavitation in HGJB. The cavitation index, g, is adopted, which is generally called a switch function physically while mathematically a unit step function. Furthermore, Elrod introduced a variable c , which is termed the fractional film content and defined as the ratio of the density of the lubricant to the density of the lubricant at the cavitation pressure, i.e., c = c . ͑5͒
Elrod 5 related the density and the fractional film content to the film pressure through the bulk modulus as follows:
Integration on the above yields
where g = 1.0 when c м 1 ͑full film region͒ and g = 0.0 when c Ͻ 1 ͑cavitated region͒. Substituting Eq. ͑7͒ into Eq. ͑4͒ and nondimensionaling yield 1 4
where dimensionless parameters were designed as follows:
, and z = z / L. The dynamic characteristics of a HFJB are next investigated for chosen steady-state conditions; the process of which is started by perturbing the steady-state position of the journal by the amount of ␦X and ␦Y, i.e., the journal position, resulting in the following first-order approximations on the film thickness H:
͑9͒
where s = e / C is the eccentricity normalized by clearance C, i.e., the so-called eccentricity ratio, s is the steady-state attitude angle, and ␥ is defined as the circumferential film thickness normalized by clearance C at the ridge zone of the grooves while the journal and bearing sleeve are in the concentric position. Henceforth, ␥ = 1 at the ridge zone of the groove and thus ␥ Ͼ 1 at the groove region.
III. NUMERICAL METHOD
The governing equation is transformed from the Cartesian space ͑x , y͒ to the computational space ͑ , ͒, which is a rectangular grid, as shown in Fig. 2 . Equation ͑8͒ can be rewritten in the computational space. The finite difference analysis based on mass flow balance is next performed to solve for pressure distribution inside the HGJB, while the finite differencing on the shear and pressure-induced flow components will be performed separately. For simplicity, the shear flow term is expressed by
where J is the Jacobian of transformation as
Based the technique of central differencing, one can arrive at for one finite difference grid
΅.
͑11͒
The pressure-induced flow is taken care of next for finite differencing, which is ‫ץ‬ ‫ץ‬ 
